Ticks are mostly obligatory blood feeding ectoparasites that have an impact on human and animal health. In addition to direct damage due to feeding, some tick species serve as the vectors for the causative agents of several diseases, such as the spirochetes of the genus Borrelia causing Lyme disease, the virus of tick-borne encephalitis, various Rickettsial pathogens or even protozoan parasites like Babesia spp. Hard ticks are unique among bloodfeeders because of their prolonged feeding period that may last up to two weeks. During such a long period of blood uptake, the host develops a wide range of mechanisms to prevent blood loss. The arthropod ectoparasite, in turn, secretes saliva in the sites of bite that assists blood feeding. Indeed, tick saliva represents a rich source of proteins with potent pharmacologic action that target different mechanisms of coagulation, platelet aggregation and vasoconstriction. Tick adaptation to their vertebrate hosts led to the inclusion of a powerful protein armamentarium in their salivary secretion that has been investigated by high throughput methods. The resulting knowledge can be exploited for the isolation of novel antihemostatic agents. Here we review the tick salivary antihemostatics and their characterized functions at the molecular and cellular levels.
Introduction
Ticks are arthropods of ancient origin, tracing their existence to more than 65 million years ago. Continuous adaptation to their hosts led to the development of unique tick physiological mechanisms to assist blood feeding which include a wide range of molecular effectors that interfere with host defense. Indeed, ticks need to overcome these defensive mechanisms to stay attached in the host for the entire feeding period and to obtain a blood meal successfully. The defenses raised against tick feeding comprise of: i) hemostasis, aimed to heal the bite injury and to prevent blood loss, ii) innate immunity that consists of the inflammatory response and the complement cascade that have an antimicrobial effect and help to remodel damaged tissue, and finally, iii) because of the long duration of attachment to the host and because of the repeated exposure of the same animal to ticks, antigen-specific acquired immunity is raised against a feeding tick, as well. Accordingly, tick saliva contains hundreds of proteins and low molecular weight effectors that target specifically distinct host defensive mechanisms. This is important, because host defenses are often redundant, and ticks must be able to simultaneously interfere with (or inhibit) the measures that are taken by the host to reject the parasite. Thus, it is not surprising that the rich protein armamentarium of tick saliva offers a great opportunity to discover effectors that specifically target various pathways of mammalian physiology. Due to their high target specificity, the pharmacologic action of these effectors is not expected to be accompanied by many side effects, which is not the case for many classical drugs. Medicine is becoming increasingly sophisticated, as our understanding of human physiology and cell biology grows by dissecting the various vertebrate homeostatic mechanisms at the molecular level. The allopathic treatment of diseases needs to be more precise and aimed at specific molecular targets, because many general drugs may cause unwanted side effects due to their wide spectrum of targets in the human body. The same is true for treating hemostatic disorders or for sepsis and traumatology, where there is a demand for more specific antihemostatics. Herein we present the progress in the identification of tick salivary antihemostatic compounds.
Vertebrate hemostasis
Among the host's first line of defense against a tick bite is hemostasis. It provides an immediate response to the vascular injury caused by the intrusion of the tick mouthparts in host vessels, thus preventing the extensive loss of host blood. Hemostasis comprises of three conceptually but not physiologically distinct mechanisms: i) coagulation that leads to the production of fibrin clots, ii) thrombus formation and wound healing mediated by platelet aggregation, and iii) vasoconstriction that leads to restricted influx of blood to the injured site. Each of these three mechanisms is activated by several pathways, in response to different exogenous and endogenous stimuli.
The main task of the coagulation cascade is to produce fibrin that supports platelets in a thrombus formation. Thrombus is formed by the cooperation of coagulation and platelet aggregation, as platelets are held together by binding fibrin with their αIIbβ3 integrin; however there is an additional tight connection between coagulation and inflammatory response, as some products of the coagulation cascade, such as thrombin or C3a and C5a complement products, play a role as immune cell activators and inflammation mediators. The coagulation process consists of an enzymatic cascade with two ways of activation, the exogenous and the endogenous, where several amplification points and regulatory mechanisms are known. The exogenous or extrinsic pathway of coagulation begins with the injury of a blood vessel and the formation of the complex between extravascular tissue factor (TF) and factor VIIa (FVIIa/ 'a' stands for activated). TF/FVIIa activates factor IX (FIX), and the resulting activated FIX (FIXa) in turn activates factor X (FX) to FXa ( Figure 2 ). FXa activates thrombin that cleaves fibrinogen into fibrin, the primary component of the clot and a binding substrate for platelets; however only a small amount of thrombin is generated with this mechanism, and rather than fibrinogen cleavage, the main function of thrombin during this initiation phase is to activate factor V (FV) and factor VIII (FVIII). The activated FVIII (FVIIIa) binds to activated FIX (FIXa) and together they form the so-called intrinsic Xase (reads "tenase") complex that activates FX at least one million times more effectively than FIXa alone and approximately 50 times more effectively than FVIIa/TF complex [1] . FXa in turn creates the prothrombinase complex with FVa on the platelet surface with a 300,000-times-higher thrombin activation rate than FXa alone [1] . This latter activation phase amplifies the coagulation process extensively. The extrinsic pathway is strictly regulated by the dynamics of the vertebrate host enzymes and their physiological vertebrate host inhibitors-which are called tissue factor pathway inhibitor and antithrombin III. The intrinsic pathway, on the other hand, begins with auto-activation of FXII by a contact with polyanionic surfaces, usually of extrinsic origin; therefore, this pathway is regarded as a contact phase. Intrinsic activators of this coagulation pathway were not known for a long time, but it is suggested an involvement of extracellular RNA that originates from damaged cells [2] . FXIIa activates factor XI (FXI), producing FXIa, which in turn activates FIX to FIXa that-together with FVIIIa-activates FX. Another important crosstalk of this pathway is the activation of the kinin-kallikrein system, leading to the production of the pain-inducing factor bradykinin and also to complement system activation.
Platelets play a pivotal role not only in hemostasis (where they help to prevent blood loss after an injury), but there is increasing evidence that they are crucial for vertebrate immunity because they release many inflammatory mediators such as chemokines or biogenic amines [3] . Platelets can be activated by several effectors such as collagen, thrombin, cathepsin G, or ADP released from damaged cells. Platelet activation leads to the shift of fibrinogen receptor (integrin αIIbβ3) from low-affinity to high-affinity state resulting in the formation of a fibrin/platelet thrombus. The third mechanism of hemostatic response to an injury is vasoconstriction which is mediated by several compounds released from activated platelets (serotonin, thromboxane), the endothelium (endothelins), tissue-resident mast cells (leukotrienes) or some compounds which are present in the bloodstream and are activated by enzymes (angiotensin).
Antihemostatic and antiinflammatory properties of tick saliva
Because hemostasis is the first line of defense employed by the vertebrate host against the feeding tick, many evasion mechanisms targeting hemostasis were developed by ticks. In addition to hemostasis, a wide range of host homeostatic mechanisms prevent tick feeding, including innate immune responses-such as acute inflammation, complement cascade activation-or antigen-specific acquired immunity. The detailed and extensive analysis of the molecular mechanisms employed by ticks to evade vertebrate immunity is beyond the scope of this review, although vertebrate immunity and hemostasis crosstalk and they are clearly interconnected, mainly by the actions of serine proteases [4] .
Unlike short term feeding ticks from the family Argasidae, ixodid ticks with up to two weeks of feeding duration are exposed to all defensive mechanisms of the host, including antigen specific acquired immunity. As a result, they are under more complex evolutionary pressure to develop efficient countermeasures to be able to complete their blood meal. After three decades of research, it is now known that ticks are not simple "crawling syringes" but they actively contribute to changes in the sites of their attachment, which are necessary for feeding completion. Many effects of tick saliva were discovered in the 1980s by the work of Ribeiro and his colleagues. More specifically, the saliva of the American tick Ixodes dammini (former name of Ixodes scapularis), similarly to that of mosquitoes or tsetse flies, inhibited platelet aggregation induced by ATP, ADP, and platelet aggregation factor (PAF). This activity can be attributed to an enzyme called apyrase that degrades active ATP and ADP into non-active AMP [5] . In addition, antiplatelet activity was associated with tick prostaglandins of E group (e.g., PGE2) and prostacyclins that were discovered in tick saliva a few years later [6] . Connected to tick salivary secretion of PGE2 was the inhibition of IL-2 production by T cells [5] . In 1994, Urioste et al. showed that this T cell activation-blocking mechanism is PGE2-independent and it is mediated by a protein [7] . Collectively these results propose the possibility that both systems (PGE2 and protein dependent) might synergistically contribute to the inhibition of T cell activation. PGs and prostacyclinswhich act also as short-term vasodilatators-were found not only in I. dammini, but also in Amblyomma americanum, Boophilus microplus, and Haemaphysalis longicornis [8] [9] , pointing at the conserved role and importance of PGs in ticks. More information on the synthesis and the role of tick salivary PGs can be found in a review by Bowman and Sauer [10] .
The saliva of I. dammini also displayed anti-complement features. More specifically, in the presence of tick saliva, the alternative pathway of complement activation was disrupted, i.e., the deposition of C3b and the release of C3a component. The salivary protein fraction of molecular weight 49 kDa was found responsible for this effect [11] . In addition, rat peritoneal-derived neutrophil aggregation (induced by anaphylotoxin), granule enzyme secretion (induced by fMLP), superoxide secretion (induced by zymosan) and phagocytosis of Borrelia burgdorferi spirochetes were reduced by 40% to 80% in the presence of tick saliva [12] . Coagulation inhibitory activity and anti-complement activity are also present in the saliva of the tick Dermacentor andersoni [13] [14] .
Recent developments in the study of tick salivary secretome
Tick saliva is a mixture of numerous bioactive molecules including a large portion of proteins. In this review, we focus on the protein content of tick saliva. The current work hypothesis predicts more or less a specific function for each tick salivary protein although more than one bioactive protein might mediate the same activity of tick saliva. To date, more than 50 tick salivary proteins have been identified and at least partially characterized at the molecular and biochemical levels. Despite this progress, many salivary proteins still await their characterization. Among the already characterized proteins, there is a large portion of effectors that affect host hemostatic processes. Some of them will be described separately and extensively in the following paragraphs.
Salivary protein identification began in the early 1990s using primarily biochemical methods for the purification and the molecular identification of an activity detected in crude saliva or salivary glands (SGs). The experimental design usually followed a path from discovering a salivary activity in crude salivary gland extracts (SGE) to the identification of the protein(s) that accounts for this activity through a series of chromatographic steps and Edman sequencing or mass spectrometry analysis. It is necessary to mention that there are significant differences in protein composition between saliva and salivary gland extracts; SGE were often used as a substitution for saliva, because it is much easier to obtain SGE than saliva and also because the content of proteins is much higher in SGE. However the problem is that SGE contain large proportion of proteins that are not present in the saliva (e.g. intracellular enzymes). Therefore many activities, observed with SGE might differ from those observed with saliva. Apparently this is the reason that, whenever possible, researchers stopped using SGE and they prioritized the use of saliva in their experimental design.
With the technological developments in the field of molecular biology, a more effective reverse approach (from gene to protein and then to function) was feasible and began to be employed more often for the description of pharmacoactive molecules originating from tick saliva. The methodology includes the identification of coding transcript sequences expressed in tick salivary glands, followed by the production and the characterization of recombinant proteins. This pipeline produced valuable information about the function of tick salivary proteins. More specifically, at the beginning of the 21 st century, a high-throughput approach, called sialotranscriptomics (sialo = saliva in Greek), was employed for the massive identification of salivary transcripts and proteins; the end-result was a list of genes from which any researcher could pick a gene of particular interest and focus on its functional characterization [15] . According to this reverse approach, everything starts with cDNA library construction and sequencing of randomly selected clones, which are bioinformatically analyzed and their possible function is predicted in silico. The resulting sequences are automatically compared with millions of transcripts and proteins from several available databases such as the National Centre for Biotechnology Information (NCBI) GenBank, protein families (Pfam) database, Simple Modular Architecture Research Tool (SMART) or Gene Ontology (GO). The results of this bioinformatic analysis are collectively presented in a single table or Excel spreadsheet. The libraries can be subtracted to find differences in gene expression between two different tick developmental stages or different tick-feeding conditions (in the presence or absence of pathogens or for different tick-feeding time points). Furthermore, the development of next generation sequencing led this highthroughput approach to another level; much higher coverage of the sequenced transcripts is now possible at a lower cost as well as better understanding of the transcriptome dynamics. Figure 1 summarizes the workflow of this "gene-to-function" approach in the exploration of tick salivary secretion.
The employment of high-throughput approaches brought several surprises in the field. First, it revealed that tick saliva is a much more complex mixture than anticipated; tick SGs produce hundreds of different proteins, many of which are novel and unique among all known organisms in the sense that no similar proteins or genes can be found in public gene databases, such as the non-redundant (NR) database of NCBI. The second notable finding was that the most abundant tick salivary proteins form the so-called multigenic families with sometimes 20 or even 30 members. These proteins might have redundancy in function and this redundancy might, in turn, contribute to the evasion of host defensive mechanisms such as the immune recognition of tick salivary antigens. Indeed, it was shown that there is an alternation in the expression of different members of the same multigenic family as tick feeding progresses [16] . The third surprise-and actually challenge-is that we cannot even predict the possible function of a big proportion of salivary proteins identified by sialotranscriptomics [17] .
Antihemostatic proteins from ticks
The following sections provide an insight into the functional role of tick salivary proteins as far as it concerns their interference with vertebrate hemostasis. Tick saliva contains many proteins from various protein families that display antihemostatic activities. For presentation purposes we have sorted these proteins by the host hemostatic process they target and their action is abstracted in a simplified schematic overview in Figure 2 . Thus far, the largest group comprises of serine protease inhibitors that target thrombin, FXa, and other proteases from the coagulation cascade. Platelet aggregation is inhibited by tick proteins that either bind to platelet integrins or scavenge (bind to) platelet activators (such as ADP, thromboxane, or serotonin) or they inhibit the activation of protease-activated receptors (PARs). The names, main features and species of origin of the tick effectors described in this review, together with the corresponding literature reference, are summarized in Table 1 .
Serine protease inhibitors
Serine protease inhibitors play an important role during tick feeding because many vertebrate physiological processes-including coagulation, platelet aggregation, and complement activation-are driven by proteolysis and proteolytic enzymes. Under physiological conditions, proteolysis regulation is based on the activity and concentration of vertebrate protease inhibitors that interact with their target vertebrate proteases. Disruption of this balance, for example by the presence of an exogenous inhibitor, might lead to the development of pathological conditions. These exogenous inhibitors can be of parasitic origin and ticks apparently secrete salivary protease inhibitors to modulate the proteolytic balance in the sites of their feeding, thus facilitating tick attachment and the subsequent hematophagy.
The family of Kunitz domain-containing proteins is highly represented in the saliva of both soft and hard ticks. Kunitz domain inhibitors belong to the MEROPS inhibitor family I2, clan IB (http://merops.sanger.ac.uk/); their usual targets are serine proteases of the S1 family [18] . The structure of a Kunitz domain typically consists of two β-strands and one α-helix. This structure is stabilized by three disulphide bridges that are created between six conserved cysteines. The molecular weight of one typical Kunitz domain is about 7 kDa; however, many members of this family consist of several Kunitz domains. Salivary transcripts encoding for one, two and five Kunitz domain-containing inhibitors have been found in ticks thus far. The majority of these salivary transcripts are single domain putative inhibitors that vary significantly in their amino acid sequences. Many of these inhibitors possess structural modifications that are the basis for their specific activities [19] [20] .
The second large group of serine protease inhibitors found in ticks is the serpin superfamily, denoted as I4 family in the MEROPS database. This ubiquitously distributed protein family is interesting primarily because its members are natural regulators of many physiological processes in vertebrates, including hemostasis. For example, α-III antithrombin is a vertebrate serpin that functions as an endogenous inhibitor of thrombin, FIX, and FX, which makes it the major regulatory protein of vertebrate coagulation under physiological conditions. Therefore, it is not so surprising that ticks possess serpins in their salivary armamentarium-and some of them resemble in overall structure to α-III antithrombin [21] -because these proteins might contribute to the modulation of vertebrate hemostasis upon tick feeding. Interestingly, although it is known that serpins are expressed in the SGs of various tick species, most of the serpins were not revealed by the high-throughput sialotranscriptomic projects. Two putative serpins have been described from H. longicornis [22] , seventeen from Rhiphicephalus appendiculatus [23] , seventeen from Am. americanum [24] , and five from Ixodes ricinus [21, 25] . More than 40 serpins were identified in the genome of I. scapularis [26] . Only two of these serpins have been functionally characterized and they are described with some more details in the next paragraphs because of their antihemostatic activities.
The third group of candidate protease inhibitors found in tick SGs comprises mostly of novel proteins or peptides of various size and characteristics, with the majority of them to be characterized as thrombin inhibitors.
We next present all these tick inhibitors according to the vertebrate serine protease they target.
Thrombin inhibitors-Targeting
thrombin is a very efficient way to suppress the hemostatic reaction, because of the pivotal role of this enzyme in coagulation. Thrombin is also responsible for platelet activation and for the activation of several other enzymes in the coagulation cascade. Moreover, thrombin is involved in additional vertebrate physiological processes, including complement activation or inflammation. Accordingly, there are several thrombin inhibitors, described from different tick species.
A two Kunitz-domain inhibitor from the saliva of the African soft tick Ornithodoros moubata, called ornithodorin, was described at the structural level and in complex with thrombin [27] . This study showed that ornithodorin does not follow the classical Kunitz inhibitory mechanism, because its mechanism of action differs from that of the bovine pancreatic trypsin inhibitor (BPTI), a thrombin inhibitor used in medicine to inhibit fibrinolysis. Whereas BPTI inserts its reactive site loop (RSL) into the thrombin reactive center, neither of the two ornithodorin RSLs gets in contact with the active center of thrombin. In the case of ornithodorin, the inhibition of thrombin is done by the N-terminus of the protein, while the C-terminus binds to the fibrinogen recognition exosite I of thrombin [27] . A similar mode of action explains the activities of other thrombin inhibitors from related tick species, such as that of savignin from Ornithodoros savignyi [28] and monobin from Argas monolakensis [29] . A related two Kunitz-domain inhibitor from Rhiphicephalus (Boophilus) microplus, named boophilin, is not as specific to thrombin (as the previous three inhibitors) because it also blocks plasmin, kallikrein, and FVIIa [30] .
Another two Kunitz-domain inhibitor of thrombin, named amblin, was found in the hemolymph of the tick Ammblyoma hebraeum. In contrast to ornithodorin-like inhibitors, amblin possesses a different N-terminal sequence that makes it unlikely to bind to the thrombin reactive site [31] ; however, because amblin was found in the hemolymph and not in the saliva, its relevance as an antihemostatic agent is questionable. The same holds true for hemalin from the midgut of the tick H. longicornis that displays similar activities to those of boophilin and it is important for successful tick feeding, although its role is most likely to inhibit proteases in the midgut and not at the sites of tick feeding [32] . The most recently revealed two Kunitz-domain tick inhibitor of coagulation is rhipilin from the tick Rhipicephalus haemaphysaloides [33] that prolonged both prothrombin time (PT) and activated partial thromboplastin time (aPTT). PT is used as a test for detecting deficiencies in extrinsic coagulation pathways, while aPTT is used for testing the functionality of the intrinsic pathway. The specificity of rhipilin is not determined yet; however, as it inhibits both pathways, rhipilin might be an inhibitor of either FXa or thrombin or both.
Novel thrombin inhibitors, named madanins, were identified in a cDNA library from rapid feeding stages of the tick H. longicornis [34] . Madanin 1 and 2 are homologous proteins with molecular weight about 7 kDa that are classified as the family of protease inhibitors I53 in the MEROPS database. Both proteins prolonged aPTT and PT and inhibited the conversion of fibrinogen to fibrin without impairing thrombin amidolytic activity, which suggests binding of these inhibitors to the exosite I of thrombin and thus a competitive inhibition. Interestingly this family seems to be unique for the tick H. longicornis.
Chimadanin (MEROPS family I72), found in the same species, has only slight similarity to proteins from other tick species. Chimadanin prolonged both aPTT and PT but, unlike madanins, it also inhibited thrombin amidolytic activity, suggesting binding into the thrombin active site [35] .
Two thrombin inhibitors with anticoagulant activity, named NTI-1 and NTI-2, were isolated by biochemical methods from crude nymphal extracts of the camel tick Hyalomma dromedarii [36] . There is no information on the primary structure of these inhibitors, apart from their molecular masses, which are 3.2 and 14.9 kDa, respectively. The latter mass might imply a two Kunitz-domain inhibitor. Microphilin is a small salivary peptide with a molecular mass of 1.8 kDa isolated from the saliva of the cattle tick R. microplus [37] .
Microphilin inhibited the formation of fibrin clot and thrombin-induced platelet aggregation; however, it did not impair thrombin amidolytic activity, indicating that microphilin binds to thrombin exosite I or II. In addition to microphilin, a 60-kDa thrombin inhibitor named BmAP was isolated from the saliva of the same species [38] . BmAP inhibits thrombin by binding to both thrombin active site and exosite. BmGTI is 26kDa big thrombin inhibitor isolated from the gut extract of R. microplus that delays bovine plasma clotting time and inhibits both thrombin induced fibrinogen clotting and thrombin induced platelet aggregation without blocking thrombin active site. Therefore it acts through interfering with one of the thrombin exosites. Moreover BmGTI enhanced activated protein C, an activity never described before among R. microplus molecules [39] .
The highly specific and tight thrombin inhibitor named variegin was described in the tick Amblyomma variegatum. Variegin is a peptide with only 32 residues that binds to both thrombin active site and exosite and it was shown to be even more efficient than the rationally designed thrombin inhibitor hirulog that derives from hirudin; hirulog is similar to variegin both functionally and structurally [40] . Americanin is another one reversible, thrombin-specific inhibitor isolated by chromatography from the SG extract of the Lone Star tick, A. americanum. Its molecular mass was estimated to be 12-16 kDa and apart from inhibiting thrombin it did not display any inhibitory activity against any other of the eight tested proteases [41] .
Among the identified thrombin inhibitors of tick origin, there are also two serpins, namely I.ricinus immunosuppressant (IRIS) (Prevot et al., 2006) and I. ricinus serpin-2 (IRS-2) [21] . Both serpins originate from the castor bean tick I. ricinus, the main European vector of Lyme disease and tick-borne encephalitis. Both serpins inhibit thrombin although it is not their main enzymatic target. Moreover, IRS-2 inhibited thrombin-induced platelet aggregation [21] . IRIS prolonged the time of fibrinolysis, platelet adhesion, and the contact phase-activated pathway of coagulation; this action cannot be attributed solely to the direct impact of IRIS on thrombin activity, since the protein inhibited additional proteases involved in coagulation, including FXa and tissue plasminogen activator (to the same extent as thrombin). Coagulation inhibition was also achieved in relatively high concentrations of IRIS, where non-specific inhibition of proteases might occur [42] .
Factor Xa inhibitors-FXa
is the activator of thrombin, and, as such, it plays a central role in the coagulation cascade; however, unlike thrombin, factor Xa is not involved in other host physiological processes apart from coagulation. Although the list of identified tick salivary inhibitors of FXa is shorter than that of thrombin (see Table 1 ), the first salivary protease inhibitor characterized from ticks was an inhibitor of FXa. More specifically, Tick Anticoagulant Protein (TAP) was the first identified tick salivary protein that initiated further interest in tick salivary biochemistry. It is a ~ 60 amino acid long, 7-kDa peptide purified from the soft tick O. moubata, which belongs to the family of Kunitz inhibitors [43] . TAP is a slow and tight-binding inhibitor that displayed very specific inhibitory activity against FXa while it did not display any activity against other enzymes from the coagulation cascade such as plasmin, kallikrein, or FVII. A related FXa inhibitor that shares 66% identity with TAP was isolated from the tick O. savignyi and displayed very similar inhibitory features [44] . Both inhibitors bind to both the active site and the exosite of FXa.
An interesting multigenic family that comprises of tens of homologs was found mainly in three Ixodes species, and although its members were found in metastriate ticks, it seems that this family is more expanded among prostriate ticks. This family is denoted as basic tailsecreted proteins (BTSP) because its C-terminus consists of mainly lysine residues. Only one member of this family has been functionally characterized thus far. It is an anticoagulant from the tick I. scapularis named salivary protein 14 (Salp14). Salp14 displayed inhibitory activity against FXa while it did not inhibit other proteases including trypsin, chymotrypsin, thrombin, kallikrein, or FXIIa [45] . Despite the fact that only one member from the BTSP family is functionally characterized to date, there is high probability that Salp14 homologs also possess anticoagulant activity, perhaps with specificities against different serine proteases. Two FXa inhibitors with unidentified primary structure were isolated from the related tick species H. dromedarii and Hyalomma truncatum [46] [47] . They have similar molecular masses, about 15-17 kDa, and they inhibit both intrinsic and extrinsic coagulation pathways.
Finally, one I. scapularis transcript encodes for a double Kunitz-domain homolog of tissue factor pathway inhibitor (TFPI) called ixolaris. Ixolaris binds to TF/FVIIa complex and inhibits the initiation of coagulation [48] . Ixolaris acts as a fast-and tight-binding ligand of the heparin-binding exosite of FXa. Moreover, it binds to non-activated FX, thus inhibiting FX activation; however, binding of ixolaris to FXa did not impair-but increased-the amidolytic activity of FXa. This is opposite to what is observed upon the interaction of FXa with TFPI which is the physiological vertebrate regulator of this pathway; TFPI is a slowbinding inhibitor of FXa active site [48] . An ixolaris-like mechanism of coagulation inhibition was observed for a five Kunitz-domain protein called penthalaris that is expressed in the SGs of the same tick species [49] . To conclude, both ixolaris and penthalaris inhibit TF activation which is possibly among the first molecular events in the coagulation cascade after an injury. The mechanism of action of both tick proteins (at least partially) mimics that of a physiological vertebrate inhibitor of TF-mediated coagulation called TFPI. TFPI is a three Kunitz-domain protein that interacts with TF/FVIIa complex with one domain and with FXa using the second Kunitz domain, thus creating a quaternary complex of TF/FVIIa/ TFPI/FXa.
Inhibitors of contact phase-To
date, four tick-derived inhibitors of the contact phase have been described, and all four belong to the Kunitz family. A single Kunitzdomain inhibitor of FXIIa, FXIa, and kallikrein was identified in the tick I. ricinus and it was named Ir-CPI [50] . Ir-CPI increased aPTT and prevented thrombus formation in rats and mice. Moreover, when mice were injected with Ir-CPI they were also protected against collagen-and epinephrine-induced thromboembolism without increased bleeding. Haemaphysalin, another one single Kunitz-domain inhibitor from the tick H. longicornis, interferes with the reciprocal activation of FXII and prekallikrein. It has been suggested that haemaphysalin recognizes the zinc-induced conformational change of the FXII/ prekallikrein-high molecular weight kininogen complex and blocks its cell binding domains [51] . BmTI-A is a two Kunitz-domain inhibitor of kallikrein from the tick R. microplus that prolonged aPTT but not PT and thrombin time (TT). TT is used to detect deficiencies in the direct conversion of fibrinogen to fibrin. Overall these data show that BmTI-A is an inhibitor of the contact-phase coagulation pathway [52] . Interestingly, in addition to kallikrein, BmTI-A also inhibited elastase, suggesting that this protein targets simultaneously another one vertebrate physiological process at the tick feeding site, i.e. inflammation.
Platelet aggregation inhibitors
Platelet function seems to be detrimental for tick feeding success since there are many tick proteinaceous molecules that affect different aspects of platelet biology. Accordingly, all the tick proteins with antiplatelet function are described in the next paragraphs.
Apyrases and metalloproteases-
The most widespread antiplatelet mechanism among blood-feeding arthropods is the degradation of ATP and ADP-two potent platelet aggregation agonists-into inactive AMP. This is achieved by a salivary enzyme called apyrase (adenosine diphosphatase). Tick apyrases belong to the family of 5'-nucleotidases. The first member of the family was identified from the cattle tick R. microplus. This tick apyrase has about 40% sequence identity to a vertebrate 5' nucleotidase [53] . Several apyrase isoforms were found in the saliva of O. savignyi as 62-kDa proteins belonging to the same family of 5'-nucleotidases [54] .
A second group of enzymes that impact platelet aggregation and coagulation contains metalloproteases with fibrinolytic and gelatinase activity. These enzymes were isolated from I. scapularis and they are similar to proteases from snake venoms [55] .
5.2.2
Inhibitors of collagen-induced platelet aggregation-A lipocalin from the tick O. moubata named moubatin was shown to inhibit collagen-induced platelet aggregation [56] . Moreover, in higher doses, it also inhibited binding of thromboxane A2 (TXA2) to its receptor on platelets. TXA2 is an agonist of platelet aggregation that binds to the specific TXA2 receptor on platelets upon their activation. Two proteins with similar activities to moubatin-named TSGP2 and 3-were identified in the tick O. savignyi [57] .
5.2.3
Biogenic amine-binding proteins-A large group of tick salivary proteins belongs to the lipocalin superfamily. Members of the family inhibit platelet aggregation by binding TXA2, while they also inhibit collagen-induced platelet aggregation. Lipocalins are also responsible for scavenging biogenic amines such as serotonin and histamine. Both amines play a role in hemostasis by modulating platelet aggregation and vasoconstriction. Therefore, biogenic amine scavenging by tick lipocalins clearly favors tick feeding because it modulates platelet and vascular biology; but in addition biogenic amines interfere with vertebrate inflammation/immunity, suggesting a dual role for tick salivary lipocalins. Members of the lipocalin family are found in both soft and hard ticks, and all the related studies thus far point at a conserved and important role for this family among ticks [57] [58] [59] [60] .
On the other hand, a tick homolog of vertebrate histamine-releasing factor (HRF) was characterized from the tick I. scapularis [61] . It seems contradictory to find various histamine binding and histamine-releasing proteins in tick saliva at the same time, but it most likely reflects the fact that biogenic amines should be regulated in a dynamic way during tick feeding (Figure 3) . Upon an inflammatory reaction from the host, biogenic amines are expected to be secreted in high amounts in the tick feeding cavity by the host; biogenic amine scavenging by tick saliva presumably dominates in such an instance. Indeed, most histamine-binding proteins are released during the slow feeding phase of a tick, when establishment of the tick feeding cavity, e.g. by reducing edema that would lead to tick rejection, is the most important issue. HRF is released during the rapid phase of tick feeding, when most blood is imbibed (Figure 3 ). During this feeding phase, tick sensitivity to histamine is also decreased and there might be already numerous anti-inflammatory substances present in the tick feeding cavity so that the danger of edema formation is low [61] . Histamine is an important vasodilatant; during the late, rapid feeding phase of a tick it is probable that vasodilatation is more crucial for feeding success than the inhibition of platelet aggregation and inflammation.
Disintegrin-like proteins-
A relatively large portion of tick salivary transcripts encodes for peptides that bear an argininglycine-aspartate (RGD) motif which is involved in binding to αIIbβ3 integrin on platelets. Under physiological conditions, the RGD motif is present in extracellular matrix proteins; however, if the platelets bind to an RGD motif present on a soluble protein-such as a disintegrin from viper venom or tick saliva-then platelet apoptosis will be induced and platelet aggregation will be inhibited.
RGD-containing salivary proteins were found in all tick families, and some were proved to be antiplatelet agents, such as the first-described RGD motif-containing tick protein, named variabilin. Variabilin is a 5-kDa protein from the tick Dermacentor variabilis that serves as an αIIbβ3 integrin antagonist [62] . Members of the same family are savignygrin and monogrin from the ticks O. savignyi and A. monolakensis, respectively, that bear RGD motifs on a Kunitz domain scaffold. Unlike other Kunitz-domain proteins, both polypeptides lack inhibitory activity against serine proteases and thus they mainly function as antiplatelet proteins [29, 63] . Savignygrin-like proteins were found also in the armamentarium of Ornithodoros coriaceus [64] .
Disagregin is a Kunitz domain-containing protein from the tick O. moubata that binds to αIIbβ3 integrin, although it lacks an RGD domain [65] . Transcripts encoding for proteins with an RGD motif that are related to variabilin and mamba dendroaspin were found in the transcriptomes of Ixodes species [16, [66] [67] . These proteins are named ixodegrins and they contain an intact or slightly modified RGD motif; it is thus possible that they are involved in platelet aggregation inhibition, but their functional characterization and activity are not disclosed thus far.
A protein that inhibits adhesion of platelets to collagen was isolated from the tick O. moubata [68] and it was named as tick adhesion inhibitor (TAI). TAI is a 5-kDa peptide that competes with vertebrate collagen for binding to platelet integrin a2β1 (GPIa/IIa). Under physiological conditions, integrin a2β1 is the collagen receptor on platelets and mediates platelet adhesion to tissue collagen. Thus, it is not surprising that TAI inhibits the binding of platelets to collagen, through its interaction with integrin a2β1. Another inhibitor of collagen-induced platelet aggregation is a 16-kDa protein named longicornin from the tick H. longicornis [69] . Both TAI and longicornin were studied only as purified isolates from the tick salivary content and they were not cloned as recombinant proteins.
Antiplatelet activities of tick serine protease inhibitors-Because platelets
are activated via protease activated receptors (PARs), namely PAR-1, -3 and -4 [70] , we must iterate the role of protease inhibitors as antiplatelet agents. PAR-1 and -3 are activated by thrombin, so all thrombin inhibitors mentioned in regard to coagulation may also be mentioned here. In addition to thrombin, platelets are activated by cathepsin G via PAR-4 [71] . The only tick inhibitor of cathepsin G is IRS-2 and it was described from the tick I. ricinus as a member of the serpin superfamily [21] . In addition to thrombin-induced platelet aggregation, IRS-2 inhibited cathepsin G-induced platelet aggregation, while it did not interfere with other, non-proteolytic stimuli of platelet aggregation such as the addition of collagen or of arachidonic acid derivatives in platelets.
Tick vasoactive proteins
To our knowledge, there are not tick salivary proteins that would be solely considered as specific vasodilatators; however, there is an active crosstalk among all the components of hemostasis and innate immunity. Therefore we may assume that, for example, histamine scavenging proteins from the lipocalin superfamily can affect both inflammation and vasoconstriction, since the scavenged histamine has multiple effects in vertebrate physiology. As mentioned above, I. scapularis secretes a salivary protein that displays an activity similar to mammalian histamine release factor [61] and thus it may be considered as a vasodilator.
Moreover, chymase and cathepsin G, which are activated and released upon tissue injury, proteolytically activate endothelins into potent vasoconstrictors. IRS-2 is an inhibitor of chymase and therefore, IRS-2 can hypothetically act also as a specific vasoconstriction inhibitor by inhibiting chymase-mediated endothelin processing [21] . Interestingly, the endothelin cleavage site for chymase differs only in one amino acid residue from the binding site of IRS-2 to chymase. This suggests a unique inhibition mechanism of chymasemediated endothelin processing in the presence of IRS-2.
Conclusion
Tick saliva is a very potent pharmacological mixture that successfully interferes with a wide range of host defensive mechanisms. In this chapter, we focused only on the mechanisms related to hemostasis. Ticks and vertebrate hosts have co-evolved through adaptation events -primarily from the tick side-for a long time, so ticks have developed unique strategies to deal with the complicated homeostatic mechanisms of the vertebrate host. The database of transcripts that are being expressed in the SGs of ticks may serve as a solid foundation for drug discovery and the development of novel pharmaceutical applications. The advantage of tick proteins is their divergent primary structures that account for their stringent specificity, thus providing the opportunity to target certain host physiological processes with minimal side effects; however, only a small portion of salivary proteins from different ticks is currently functionally characterized. We look forward to a time when we can describe the complexity of interaction between ticks and hosts at the pharmacological level. The research on purified tick salivary proteins began a couple of decades ago and many proteins were identified and characterized to different extent; however, no tick salivary protein has been studied yet for potential therapeutic applications at the level of clinical trials. We anticipate that the main use of tick antihemostatics will be most likely rather in traumatology and sepsis prevention than in therapy.
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➢
We explain why it is important for ticks to control host hemostasis.
The hemostatic processes affected by tick salivary secretion are presented.
The developments in the discovery of tick salivary proteins are highlighted.
The different tick proteins that have antihemostatic function are reviewed.
We abstract the mechanism of action of tick antihemostatics. A simplified workflow description of the "gene-to-function" approach in the discovery of tick salivary secreted proteins. More detailed description is in the text. Modulation of histamine dynamics in the site of tick bite during the feeding course. In the early, slow feeding phase, large amount of histamine-binding proteins (HBP) from the lipocalin superfamily are secreted into the site of attachment. Histamine, released from tissue resident mast cells, is scavenged and neutralized by tick HBPs, which inhibit vasodilatation and vascular permeability as well as leukocyte recruitment and edema formation. During the late, rapid feeding phase of a tick, the tick needs more blood influx to the feeding cavity, so it secretes histamine releasing factor (tHRP), which enhances vasodilatation and the tick has better access to blood. The edema formation might be prevented by other salivary effectors that may be present simultaneously at the feeding site. S -experimentaly found in the saliva, SG -found in salivary glands (putatively secreted), WT -isolated from whole tick, H -isolated from haemolymph, M -isolated from midgut, ? -origin is not stated
